Abstract. Radar wind profilers detect scatter from clear-air refractive-index irregularities. The Doppler shift calculated from the time series of the backscattered signal provides an estimate of the radial velocity of the air within the radar's resolution volume. It is known that there are quite a number of effects that can give rise to intrinsic biases in these radial-velocity estimates. It is extremely difficult to unambiguously identify these biases on the basis of observations since it is impossible to independently probe the threedimensional, time-dependent fine structure of the relevant atmospheric variables (wind and refractive index) within the radar's resolution volume down to the relevant spatial and temporal scales associated with the scattering process itself. In this paper the large-eddy simulation (LES) technique is used to generate, with high spatial and temporal resolution 
Introduction
Radar wind profilers can "see" returns from refractive-index irregularities in clear air. VHF wind profilers typically operate at frequencies close to 50 MHz, which corresponds to wavelengths close to 6 m. At these wavelengths the clear-air echoes typically dominate over cosmic noise, intrinsic system noise, and 1 Cooperative Institute for Research in Environmental Sciences, number. While UHF wind profilers do not have a preferred direction at which the temporally averaged echo intensity has a maximum, VHF wind-profiler echo intensities typically do show a pronounced maximum at vertical and nearly vertical beam-pointing directions. (Depending on their power-aperture product, VHF radars are divided into mesosphere-stratosphere-troposphere (MST) radars and stratospheretroposphere (ST) radars. The term MST radar is usually reserved for the most powerful VHF radars, while the less powerful ones are often referred to as ST radars.) This "VHF aspect sensitivity" was discovered by ROttger and Liu [1978] and Gage and Green [1978] , and there is general agreement among researchers in the field that the VHF aspect sensitivity is the manifestation of a significant anisotropy in the spatial spectrum of the 3-m-scale, clear-air, refractiveindex irregularities in the free atmosphere. Correspondingly, the absence of a significant aspect sensitivity at UHF frequencies in the atmospheric boundary layer as well as in the free atmosphere is seen as evidence for isotropy of decimeter-scale, refractive-index irregularities throughout the atmosphere.
The term "wind profiler" indicates that the main purpose of this kind of radar is to measure (vertical) profiles of the wind (vector) above the radar site. This does not mean, however, that wind profilers can measure only wind. There is a large body of literature providing evidence that wind profilers also reveal information about other atmospheric properties like the refractive-index structure parameter C• [e.g., Tatarskii, 1961 [Muschinski, 1996b] that the VHF aspect sensitivity in combination with a nonsymmetric layer-tiltingangle distribution caused by Kelvin-Helmholtz instability events can lead to a bias in long-term averages of the Doppler velocity observed with vertically pointing VHF radars. In the daytime convective boundary layer, gravity waves and Kelvin-Helmholtz instability do not appear and can be excluded as being a possible reason for vertical-velocity biases. Using UHF wind profilers, Angevine [1997] has observed a downward bias in the measured vertical velocity in the daytime boundary layer. The magnitude of this bias is between 10 and 30 cm s -1 andAngevine [1997] attributes it to scatterers like insects or other small targets, which have an effect on the wind-profiler spectra but usually cannot be identified.
There is usually no "in situ truth" against which wind-profiler measurements can be tested with the required accuracy. (Airborne and tower measurements have provided much evidence that wind-profiler measurements are generally reliable (see, for example, the review by Gossard [1990] ). Airborne and tower measurements, however, are always "point measurements," while radar measurements always provide volume averages, which makes the interpretation of a comparison always difficult; second, it is practically almost impossible to operate an in situ probe within the radar resolution volume without severely contaminating the radar data.) It is therefore generally difficult to quantify sampling errors and biases such as mentioned above and to verify theoretical models of sampling errors and biases. The purpose of this paper is to present and discuss a new technique to simulate time series of UHF windprofiler signals. This simulation technique is a combination of the large-eddy simulation (LES) technique and radio wave scattering theory. It will be shown that in contrast to real-world experiments, simulation experiments based on this technique are free from meteorological, logistical, financial, and technical uncertainties that typically affect real-world field experiments. LES-based wind-profiler simulation experiments like those described in this paper are expected to give more detailed and more conclusive insight into specific aspects of the potential and limitations of boundary-layer, wind-profiler measurements than corresponding real-world field experiments. On the other hand, an LES is only a model of a real flow, and therefore one has to be careful about the extent to which LES model assumptions affect LES-based wind-profiler simulations.
The paper is organized as follows: Section 2 describes the setup of the LES, and examples of LESgenerated fields of atmospheric quantities are shown. Section 3 describes the new technique that we apply to generate time series of 915-MHz, wind-profiler signals on the basis of LES data. In section 4, statistical properties of the simulated wind-profiler, vertical-wind observations and statistical properties of the LES-generated vertical-wind field are analyzed. The results are discussed in section 5. Section 6 gives a summary and conclusions.
Large-Eddy Simulation (LES)

Suitability of LES for Modeling Clear-Air Radar Backscattering
Today's supercomputers have large memories (typically a gigaword) and fast processors (typically gigaflops) that make it possible to numerically integrate the equations of motion of turbulent fluids fourdimensionally, i.e., in space (x, y, z) and time (t). The numerical integration of the Navier-Stokes equations is called "direct numerical simulation" (DNS). A DNS requires the grid spacing A to be comparable to or smaller than the Kolmogorov length,
which gives the order of magnitude of the size of the smallest turbulent eddies. In (3), e is the turbulent energy dissipation rate, and v is the molecular kine- As an alternative to the traditional "subgrid-scale turbulence parameterization" concept [Lilly, 1967; Leonard, 1974] , the LES equations may also be considered equations of motion for a certain class of hypothetical, non-Newtonian fluids [Muschinski, 1996a] . These "LES fluids" are designed such that their Kolmogorov length is fixed, while their (eddy) viscosity is variable. An important requirement when running an LES is that the grid spacing lie within the inertial subrange of the turbulence to be modeled, so that the effects of the subgrid (better "subfilter") turbulence, which is not resolved by the LES, on the resolved-scale flow can be formulated on the basis of the classical theory of fully developed, locally homogeneous, and isotropic turbulence. Muschinski [1996a] has discussed the LES concept from the traditional subgrid-scale turbulence parameterization viewpoint as well as on the basis of the LES fluids picture. The LES fluids concept makes it easier than the traditional "parameterization" concept to understand that an LES does not "know" of any random behavior at length scales smaller than and comparable to the grid spacing.
Since 
The Setup of the LES
We set up an LES similar to that described by Sullivan et al. [1996] . The number of grid points is 192 in all three directions. The grid spacing is A x = Ay = The variables simulated by the LES are the two horizontal wind velocity components, u and v, the vertical velocity component w, the subfilter turbulent kinetic energy E, the virtual potential temperature ©, and two passive scalars, s • and s2. The scalar s • has a source at the ground and a sink above the inversion. We rescale s • such that we obtain a specific humidity q, with statistical properties in space and time consistent with the characteristics of the other quantities. 
Simulation of Wind-Profiler Signals on the Basis of an LES Data Set
In this section, which is the central part of this paper, we describe how time series of wind-profiler signals can be constructed on the basis of an LES data set. First, we point out that CBL data simulated with a contemporary LES are too coarse to allow a direct numerical integration of the scattering integral; that is, the LES data contain no phase information at length scales comparable to the Bragg wavelength. Second, we describe how to parameterize scattering amplitudes and phases on the basis of quantities predicted by the LES. Third, we investigate how the phases within a simulated radar resolution volume change with time during a period smaller than or comparable to the LES time step. Fourth, we present exemplary, simulated time series of clear-air radar signals and their Doppler spectra, and we briefly discuss their statistical properties. Fifth, we consider theoretically the spatial structure function of the temporal phase changes within the radar's resolution volume, and we define a phase-correlation timescale. We show the conditions under which the spectral broadening of the returns from refractive-index irregularities within individual LES grid cells in the radar resolution volume may be neglected. 
a condition that is not fulfilled by contemporary LES of the atmospheric CBL if X is in the UHF range. Instead, we have to deal with the opposite case:
So how can we numerically integrate the scattering integral on the basis of a data set of n'(r, t) that is about 2 orders of magnitude too coarse to fulfill the condition given in (12) ?
Parameterization of Phases and Amplitudes
The underlying idea of LES is that the subfilter turbulence is locally homogeneous and isotropic. Because in our case the Bragg wavelength is much smaller than A, this automatically implies that the LES-generated turbulent fields are isotropic at the Bragg wave number. In the following, we will see that this model assumption considerably simplifies the problem of how to construct clear-air wind-profiler signals on the basis of LES data.
An integral over a domain can be written as a sum of integrals over subdomains that fill the domain. Consider the N LES grid cells that cover the radar resolution volume, i.e., the region wherein W(r) is nonnegligible. We write the scattering integral (10) We assume that during Ta the refractive-index irregularity field within the pth LES grid cell is 
In this study we restrict ourselves to dwell times that are not much longer than the LES time step, so that (24), which assumes that the phases of the individual Bragg scatterers change linearly with time, is a good approximation. It is straightforward, however, to generalize the concept to construct signal time series that are much longer than the LES time step: First, a temporal sequence of LES-generated tion is that (27) has been derived based on the assumption that each individual Bragg scatterer (i.e., the parcel of turbulent air within a respective LES grid cell) behaves like a point scatterer with infinite lifetime. For a given energy dissipation rate s, however, the rms velocity within a grid cell is of the order of (eA) 1/3 so that within the grid cell is the refractiveindex irregularity pattern at the Bragg length scale X/2 is reorganized after a timescale of the order of X/(sA) 1/3. That is, a Bragg scatterer has lost its phase coherency after a time comparable to X/(sA)•/3, and for proper use of (27) it may be necessary to randomly change the phases of the Bragg scatterers in time intervals of the order of X/(sA)•/3. We will come back to the issue of the finite lifetime of a Bragg scatterer in section 3.5, where we discuss the effect of spectral broadening due to turbulent motion at length scales that are not resolved by the LES. computed from longer simulated time series, the increased spectral resolution of the simulated spectra must not be misinterpreted as providing more accurate simulations of the spectral width. If the simulation technique presented in this paper is used to simulate techniques to retrieve the energy dissipation rate e from the spectral width as proposed by Frisch and Clifford [1974] , it has to be taken into account that the simulated spectral width does not contain the spectral broadening by the subfilter turbulence, which is not resolved by the LES. We do not know, however, how to analytically correct for the "missing spectral broadening," because the effective spatial filter of an LES is not known [Muschinski, 1996a] .
Doppler Spectrum and Radial Velocity Histogram
Data Analysis
In this section we analyze the LES data and the wind-profiler signals that we simulated on the basis of the LES data set. Figure 6 shows five different vertical profiles of the vertical velocity (w) above the grid point (96, 96, 0) . The thin solid line with triangles is an instantaneous vertical line profile of w, obtained from an instantaneous three-dimensional realization of w(x, y, z) as generated by the LES. We refer to this profile as the "simulated true" (instantaneous) w profile. (Throughout this paper we are dealing with simulations of radar measurements made during short dwell times, i.e., dwell times that are not larger than the LES time step. All profiles shown in this paper have been generated on the basis of the same LES realization.) It is assumed that the grid point ( ances. This bias is caused by the spatial filtering of the wind field over the radar's resolution volume. Typically, a significant portion of the wind variance is associated with length scales smaller than the size of the resolution volume. Therefore the bias is typically not negligible. It can be accounted for, however, on the basis of the spectral width, which is simultaneously measured and from which the nonresolved portion of the vertical-wind variance can be retrieved.
Single Doppler-Velocity Profiles
Discussion
As we have pointed out in section 1, there are several mechanisms that can give rise to biases of wind-profiler velocity measurements. Part of the mo- tivation to develop the LES-based, radar-wind-profiler simulation technique presented in this paper was to extend the available methodology to identify, categorize, and quantify these biases. In the previous section (see Figure 7) we have shown that the horizontal average of the vertical velocity measured by a simulated array of 400 wind profilers was not exactly zero (which was the simulated in situ truth as provided directly by the LES). and from our LES data, we have found that the maximum of the magnitude Aw(z) is located a few tens of meters above the ground and amounts to only a few millimeters per second. Apparently, the correlation between vertical velocity and radar reflectivity is much less important in the CBL than it is in the stably stratified atmosphere, as has been suggested by Nastrom and VanZandt [1994] . The bias, however, could still be large enough to be comparable to synoptic-scale vertical velocities.
Summary and Conclusions
In this paper we have presented a new technique to simulate clear-air, wind-profiler signals resulting from the backscattering of electromagnetic waves from clear-air refractive-index irregularities. This simulation technique is a combination of large-eddy simulation (LES) and the theory of radio wave propagation in turbulently mixed, clear air.
We analyzed wind-profiler observations simulated with that technique, and we did not find a significant vertical-velocity bias. This result is consistent with that of Angevine [1997] , who presumes that the down-1 ward bias of up to 30 cm s-that he observed was caused by aerobiota (birds, insects). In general, our simulations support May et al. [1989] , who have found that in the case of a good signal-to-noise ratio, it is mostly meteorological noise which determines the sampling error in standard wind-profiler observations, rather than any noise that stems from the measurement process itself.
In the future, the LES/radar-simulation technique could be applied to a huge variety of problems, from determining the effects of a finite signal-to-noise ratio, radio interference, ground clutter, and other contaminations on the retrieved meteorological quantities to problems concerning how to optimize the design of wind profilers and how to deploy and operate wind profilers in the field such that they provide maximum meteorological information. That is, the random phase model has a standard deviation equal to the average power spectral level at each frequency ton, independent of how long the dwell time is chosen. This is qualitatively confirmed by Figure 4 .
